Baryon-baryon elastic scattering is considered in the independent scattering (Landshoff) mechanism. It is suggested that for scattering at moderate energies, direct and interchange quark channels contribute with equal color coefficients because the quark color is randomized by soft gluon exchange during the hadronization stage. With this assumption, it is shown that the ratio of cross sections R pp/pp at CM angle θ = 90 0 decreases from a high energy value of R pp/pp ≈ 1/2.7, down to R pp/pp ≈ 1/28, compatible with experimental data at moderate energies. This sizable fall in the ratio seems to be characteristic of the Landshoff mechanism, in which changes at the quark level have a strong effect precisely because the hadronic process occurs via multiple quark scatterings. The effect of color randomization on the angular distribution of proton-proton elastic scattering and the cross section ratio R np/pp is also discussed.
Introduction
The analysis of exclusive hadronic processes within the framework of perturbative QCD (pQCD) remains conceptually as well as computationally challenging. In the case of hadronic elastic scattering at high energy and wide CM angle, the formalism for the treatment of the amplitude has been developed in the kinematic region of momentum transfer |t| much larger than the hadronic mass scales. The long distance dynamics of the hadronic bound state factorize from the short distance scattering of the constituent quarks. Specifically, for baryon-baryon elastic scattering the amplitude takes the factorized form [1] A(s, t; h i ) = with helicity h i and it is evaluated at factorization scale µ 2 = O(|t|), with calculable ln t corrections. In the single hard scattering mechanism, where all constituents scatter together in a small space-time region, the calculation of M H at lowest order, O(α 5 s (µ)), requires the evaluation of approximately 300,000 distinct tree graphs for 6q → 6q scattering [2] .
Moreover, the inclusion of higher order radiative corrections and the implementation of the factorization of infrared singularities make this approach unyielding. Alternatively, two distinct scattering mechanisms have been considered. The first is the quark interchange model (QIM) [3] , in which the scattering is assumed to proceed via the exchange of a pair of quarks between the scattering hadrons. The second is the independent scattering (Landshoff) mechanism [4] , in which the quarks from each initial hadron scatter pairwise and independently up to logarithmic radiative corrections. From the pQCD point of view both QIM and Landshoff-type diagrams originate as particular pinch singularities of the single hard scattering diagrams, although the two sets are distinct [5] .
The experimental studies of wide-angle elastic scattering at moderate energies suggest that the process is mainly driven by the QIM mechanism [6, 7] . In particular, QIM is consistent with the dimensional counting scaling behavior of the elastic baryon cross section
its dependence on the CM angle θ as given by the function f (θ), as well as its flavor and crossing properties manifested by the cross section ratios such as
On the other hand, the Landshoff mechanism seems to have negligible contribution to the elastic scattering. This fact remains a puzzle since, within pQCD, independent quark scattering, being O(α 3 s (µ)) modulo radiative corrections, is anticipated to contribute. Indeed, Botts [8] has studied numerically the Landshoff mechanism with Sudakov resummed radiative corrections. With reasonable choices for the end-point and infrared cutoff parameters he has concluded that Landshoff-type contributions to the cross section are non-negligible and must be included in the phenomenology of elastic scattering.
In this paper we consider the above puzzle. Specifically we reexamine the Landshoff mechanism and study to what extent it can account for certain features of the elastic baryon cross sections such as their angular dependence and the ratios R pp/pp (s, θ) and R np/pp (s, θ) in the moderate energy regime where measurements are available. Recent experiments at AGS [7] have measured R pp/pp ≈ 1/40 at √ s = 3.59 GeV and θ = 90 0 . This measurement is near the beginning of the scaling region as given by eq. (2). Of course the energy here is not high enough for a fully self-consistent perturbative treatment of the process in terms of independent hard scatterings. Nevertheless, in a constituent quark model, R pp/pp is largely determined by the flavor flows, i.e. the number of possible routings of the quarks among the participating hadrons, and the color factors arising from combining the color structure of the hard scatterings with the color singlet external hadrons. Expecting this ratio to be less sensitive than the elastic cross section itself to the factorization assumptions, we compute it using the formalism of pQCD. In a sense the treatment presented below supplies a QCDmotivated model which realizes the observation that elastic scattering is dominated by quark interchange.
Our starting point is the factorized form of the elastic amplitude in the Landshoff mechanism, which we briefly review in section 2. In section 3 the idea of color randomization is presented and its effect on the crossing properties of the elastic amplitude is illustrated by considering a toy model of scalar quarks. The main point is that there is always soft gluon exchange among the constituent quarks in the initial and final state which cannot be factored into the hadronic wave functions and mixes the quark color. In the asymptotic high energy regime, where soft radiation can be treated perturbatively, it is possible to relate the color of the quarks at the hadronization region with their color at the hard scattering region by computing color traces order by order in α s . But for moderate energies, where a perturbative expansion for soft gluon exchange is not self-consistent, we suggest that the effect of soft radiation is to decorrelate the color of the constituent quarks at hadronization from the color they have when they participate in the hard scatterings. In other words, by the time the quarks enter the hard scattering region their color has been randomized by soft gluon exchange. We express this color randomization by requiring that all quark channel combinations, i.e. direct (ttt), total interchange (uuu), single and double interchange (ttu, tuu), contribute with the same color coefficients when summed in the calculation of the elastic proton-proton amplitude. In section 4 we compute the pp, pp and np elastic amplitudes in the helicity basis and at lowest order in α s for the hard scatterings. At asymptotically high energies we expect color flow to be dominated by lowest order contributions. This gives an asymptotic ratio R as pp/pp ≈ 1/2.7 at θ = 90 0 . In the color randomization model suggested for subasymptotic energies we find R rand pp/pp ≈ 1/28. The effect of color randomization on the angular distribution of proton-proton elastic scattering and the ratio R np/pp is also considered. We end by discussing these results.
The Landshoff mechanism in pQCD
The structure of the elastic amplitude via independent quark scatterings [4] is shown in fig. 1 for pp → pp. Only the three valence quark part of the proton wave function is considered and on-shell q-q scattering requires that quarks participating in the same hard scattering have equal momentum fractions, i.e. 
The three-quark component of the proton wave function is obtained as a Fourier trans-form of the three-quark operator [9] 
where E is the energy of the fast moving proton and h its helicity. The wave function is decomposed in terms of valence quark spinors with definite helicity. Defining the dimensionless
where E 1 , E 2 and E 3 are the energies of the two u-quarks and the d-quark respectively, we obtain the helicity decomposition of the wave function. In impact parameter (b-) space and for h = + this is
where
and P 123 ≡ P(x 1 , x 2 , x 3 ;b 1 ,b 2 ) is the proton wave function projected along the η µ -direction.
Its dependence on the transverse separationsb m can be computed perturbatively via soft gluon resummation and results in a Sudakov exponent to be specified below. The connection of P to the usual light-cone distribution amplitude φ is given in perturbation theory via
where f N (µ) is an overall normalization parameter,
In the asymptotic energy limit (P as ) 123 becomes symmetric upon permutation of its arguments. The asymptotic light-cone distribution amplitude is
For subasymptotic energies model dependent φ's [11] are more suitable for reproducing the overall normalization of the exclusive process in which the proton participates. Finally, the color structure of the hadronic wave function is of the form ǫ abc .
The main feature of the Landshoff mechanism for elastic scattering is that the hard subprocess M H in eq. (1) is approximated by the product of three quark amplitudes M m .
Forscattering both t-and u-channels are available, fig. 2 The color structure of the quark scatterings can be decomposed along a two dimensional color flow basis (c I ) {a i } , I = 1, 2. For→we choose the basis
At lowest order in α s the color decomposition of the direct and interchange channels is
The color matrices T m are normalized as tr(T m T n ) = (1/2)δ mn and the color decomposition coefficients are
For→we choose the u ↔ s crossed basis
and the lowest order color decomposition of the direct and annihilation channels is
with coefficients as in eq. (15) .
Since the amplitudes will be given in the helicity basis we state here the two approximations made concerning helicity. The first is that the total baryon helicity is the sum of the helicities of the valence constituents, eqs. (7, 8) . This is a consequence of leading twist 
A(+−; −+) = A(−+; +−) .
Thehelicity Born amplitudes [12] for the t-channel are
and for the u-channel
Thet-channel amplitudes are as in eqs. (19) but with opposite sign and the annihilation channel is the s ↔ u crossed version of eqs. (20), i.e.
So far we have presented all the structures that determine the hadronic elastic amplitude at lowest order. Before giving its factorized form we discuss the effect of radiative corrections. In the formalism of Botts and Sterman [13] these are divided into two sets. The first set contains gluon exchange among quarks in the same hadron, which is factored into the hadronic wave functions. The second set contains soft gluon exchange among quarks from different hadrons, i.e. wave function irreducible corrections. These are factored into the color mixing tensor
, which has the perturbative expansion
Primed indices are the color indices of the quark lines entering the hard scatterings and unprimed are the color indices of the quarks at hadronization, fig. 3 . Therefore, the quark amplitudes carry primed color indices and the hadronic wavefunctions unprimed ones. At lowest order O(α 0 s ), U , denoted U (0) below, simply describes the absence of soft gluon exchange.
Radiative corrections lead to logarithmic dependence on s/µ 2 , t/µ 2 andb 2 m /µ 2 , where µ is the factorization scale. Logarithmic corrections can be resummed into exponential factors exp(−S I ), the Sudakov suppression factors. The Sudakov exponent S I corresponding to a certain hard scattering M m with color flow along the direction I = 1, 2, is [14, 13] 
is the hard scale of M m and Λ is the QCD scale parameter. In the axial gauge the leading logarithmic corrections describe the perturbative evolution of the wave function with the hard scale Q and the non-leading logarithmic corrections (NL) I are generated by the wave function irreducible soft gluon exchange and depend on the color flow I of the hard scattering.
We introduce the following notation. Given color tensor C {a i ,b i c i } , i = 1, 2, 3, 4 we denote by tr c (C) the contraction of the indices of C with the color structure of the baryon wave functions, i.e.
Then the factorized form of the elastic amplitude in impact parameter space is [13] A(s, t;
is a numerical constant depending on the normalization convention for the wave function, eq. (8), and f takes into account all the quark scattering channel combinations. The channel index in the quark amplitudes M m has been left implicit. R (f ) is a fourth degree homogeneous polynomial of the hadronic wave functions P.
Color mixing and randomization
The decomposition of the color mixing tensor U in the basis (c I ) {a ′ i } defined in eq. (13) is
Since the color structure of the quark amplitudes factorizes from their helicity dependence we can readily separate the color coefficients through which each channel combination contributes to the amplitude A in eq. (25) and express them in terms of the above color mixing tensor. For the direct channel the color coefficient is
for the single interchange it is
and for double and total interchange they are
The above expressions distinguish explicitly between the color structure of the hard scattering contained in A 1 , A 2 and the color mixing factors U IJK generated by soft gluon exchange.
This distinction is important for the model we present below.
The lowest order color mixing tensor U (0) has decomposition
which yields
Note that the single and double interchange coefficients are (-1/15) times the direct or total interchange. Higher order in soft gluon exchange coefficients B (n) can be constructed from the perturbative expansion of U to O(α n s (1/b m )). This expansion has a clear meaning in the asymptotic region s ∼ |t| → ∞ where the Sudakov suppression exp(−S) forces the hard scatterings close together, so that 1/b m can be treated as a perturbative scale [13] .
Botts [8] however finds that the onset of asymptopia where the process is dominated by these perturbative contributions occurs at very high energies, ln(s/s 0 ) ∼ 8 , s 0 = 1GeV
2 .
This suggests that at moderate energies, where measurements are available, the Sudakov suppression becomes far less effective and U is beyond perturbative control. We suggest that the effect of soft gluon exchange in this region is to decorrelate the color configurations of the constituent quarks in the initial and final state from the color configurations they have when they participate in the hard scatterings. In other words, due to strong color mixing, the color indices of the quark lines, fig. 3 , have been randomized by U by the time they enter the hard scatterings. We build this into the formalism by requiring the color mixing tensor U IJK to be totally symmetric in the bases of eqs. (13, 16) and to satisfy 
This relation holds independently of the specific value of the hard color coefficients A 1 , A 2 .
It means that the color structure of the short distance subprocess becomes irrelevant for the determination of the hadronic amplitude exactly because it is unstable under soft gluon exchange over large space-time scales. 1 Since all channel configurations contribute with the same color coefficients in the Landshoff mechanism, the elastic scattering will be dominated by the interchange channels as they are more numerous.
In order to demonstrate the combined effect of flavor flows and color factors without the complications of spin we consider a toy model where the constituent quarks are scalars.
The quark Born amplitudes, fig. 2 , are
The pp and pp amplitudes are determined by simply counting the available channel combinations.
The first term in eq. (36) comes from the contributions of fig. 1 (a) and the second from fig. 1 (b,c) . The flavor inequivalent reorderings of the hard scatterings have been taken into account. The factor I contains the integrations over momentum fractions and impact parameters as in eq. (25) and depends on the hadronic mass scales. At θ = 90 0 , annihilation channels do not contribute (M s = 0) and direct and interchange channels are equal up to their respective color structure. Then the amplitude ratio depends only on the color
At asymptotically high energies the lowest perturbative order coefficients B (0) of eqs. (32) give
At moderate energies, where color randomization is assumed to occur, the color coefficients
Color randomization results in a smaller ratio because the interchange channels in eq. (36) give much bigger relative contribution to the pp amplitude than in lowest order in pQCD.
In the next section we shall see that this feature of Landshoff scattering persists after the inclusion of the spin of the quarks.
Elastic scattering in the helicity basis
In this section we compute the baryon-baryon (pp, pp and np) elastic amplitude for wideangle scattering both in the asymptotic energy limit and for moderate energies, where the assumption of color randomization is believed to be relevant. According to eq. (25) the elastic amplitude for given baryon helicities is obtained by summing over all quark scattering channels that are allowed by helicity conservation, weighed by the appropriate wave function factors R and color traced after contraction with the color mixing tensor U . For very large momentum transfer |t| the dependence of the Sudakov exponent S I on the color flow of the corresponding hard scattering enters as non-leading logarithmic dependence on t, eq. (23).
It has been argued that these non-leading logarithmic corrections can give rise to non-trivial phase structure in the amplitude that may account for its oscillatory behavior with energy [17, 18] . In the following we are going to neglect them because, although our model retains the flavor and crossing structure of pQCD, it is suggested to be valid in an energy region where the perturbative expansion of radiative corrections is not applicable. In this case we will actually set the whole Sudakov exponent equal to zero.
The decomposition of the hadronic state in terms of quark helicities is given by eq. (8).
The results are given in terms of a general P 123 , whose explicit form is determined by considering specific models for the proton wave function [10, 11] . The pp and pp amplitudes can be expressed in terms of the following five wave function combinations. 
The additional terms generated by the permutations shown in the above equations are due to the flavor inequivalent relabelings of the three hard scatterings M m . R 1 contributes to the diagram fig. 1 (a) , the three R ′ 's contribute to the diagrams fig. 1 (b,c) , and R 0 contributes to all three diagrams fig. 1 (a,b,c) .
The pp helicity amplitudes are
and
The pp helicity amplitudes are obtained from the above pp amplitudes via the following crossings.
A pp (++; ++) = A pp (+−; +−)| s↔u ,
A pp (+−; −+) = A pp (+−; −+)| s↔u .
Finally, the np helicity amplitudes are given in the appendix.
The observables we are considering here do not depend significantly on the specific form of the hadronic wavefunction. Model ligh-cone distribution amplitudes affect the overall normalization of the hadronic amplitudes because of the asymmetric distribution of the longitudinal momentum among the valence quarks [9, 11] . Due to the permutations of the arguments in eqs. (41), though, the wave function model dependence of the cross section ratios and the angular distribution is expected to be minimal [8] . Consequently, to compute R pp/pp we use the totally symmetric P 123 = P as , and the above wave function combinations 
Using the lowest perturbative order color coefficients B (0) in eq. (32) we obtain the result
This result, although definitely less than unity, is much larger than the experimental value R pp/pp ≈ 1/40, measured at √ s = 3.59 GeV [7] . For the color randomization model, we compute R pp/pp using again the asymptotic wave functions of eq. (46), and the color factors B rand of eq. (34). The result is
Color randomization yields a ratio one order of magnitude smaller than the asymptotic case and close in value to the scalar quark toy model of the previous section. The corresponding results for np elastic scattering are obtained by using the helicity amplitudes given in the appendix.
Color randomization gives slightly bigger ratio for np/pp elastic scattering unlike the case of pp/pp. Both values of R np/pp though are compatible with the experimental value [20] R np/pp = 0.34 ± 0.05 measured over an energy range 3.10 GeV < ∼ √ s < ∼ 4.75 GeV.
Finally we examine the effect of color randomization on the angular distribution of pp elastic scattering. To this end we plot the differential cross section normalized at θ = 90 0 versus cos θ, fig. 4 . Landshoff scattering in the asymptotic limit yields a steeply rising angular distribution, approximately of the form (1−cos 2 θ) −12 . Color randomization softens this distribution to an approximate form (1 − cos 2 θ) −10 . This is to be compared with the fit to the experimental data (1 − cos 2 θ) −7 given by Farrar and Wu in [19] . In all cases the angular distribution is independent of the CM energy. The color randomization distribution is in relative good agreement with the experimental fit for cos(θ) < ∼ 0.3 but it becomes much steeper away from the central region.
Summary
We have considered wide-angle elastic scattering in the Landshoff mechanism and organized the calculation making explicit the effect of color. For scattering at moderate energies we have suggested a pQCD motivated model which realizes the observation that the elastic scattering is dominated by quark interchange among the hadrons. This is assumed to occur because the color of the constituent quarks is totally randomized by soft gluon exchange.
By implementing this in the expressions for the hadronic helicity amplitudes we obtain a cross section ratio R pp/pp which is an order of magnitude smaller than the asymptotic value and compatible with the experimental measurements [6, 7] . This feature of R pp/pp is due to the nature of the Landshoff mechanism. Because in this picture the elastic process occurs via independent quark scattering, a change in the relative contribution between channels at the quark level has a sizable effect in the hadronic cross section. Color randomization leads to softening of the angular distribution in pp scattering, although we found that away from the central region it is still steeper than what experiment suggests.
On the theoretical side, the separation of gluons into hard and soft becomes less clear away from asymptopia, due to the small momentum transfers involved. Moreover, conservation of color and color randomization require to include components of the hadronic wave function beyond the leading twist three quark part. Another set of approximations we made has to do helicity conservation. In the moderate energy regime, quark mass and intrinsic transverse momentum corrections can be important. This is the reason why we did not reproduce the ∼ s −10 scaling of the elastic cross section. We considered instead observables which are less sensitive to the specific form of the hadronic wavefunction or the
A Appendix
Due to isospin symmetry the wave function for the neutron is obtained from the corresponding one for the proton via the substitution u → −d and d → u in eqs. (7, 8 
